Sônia N. Báo Ulysses Lins Marcos FarinaWanderley de Souza Abstract Spermatozoa of the mosquito Culex quinquefasciatus have two mitochondrial derivatives of similar size and shape, containing a periodic matrix embedded by an amorphous region and surrounded by a membrane complex. The presence of cytochrome C oxidase activity was shown in the cortical zone. The use of the ethanolic-phosphotungstic acid technique suggests the presence of basic proteins in the paracrystalline structure. The analysis of the paracrystalline structure by digital image processing suggests that the cylindric-like subunits are empty structures and appear connected to each other by thin filaments. This approach showed that longitudinal filaments present an undulation disposition alongside the spermatozoon flagellum.
INTRODUCTION
In most species of pterygota insects, the mitochondria undergo a metamorphosis on the course of spermiogenesis, during which the typical mitochondrial structure is completely modified (for reviews, see Phillips, 1970; Baccetti, 1972; Baccetti and Afzelius, 1976) .
The mitochondrial derivatives, in insect spermatozoa, are characterized by a prominent paracrystalline structure embedded in an amorphous matrix. These derivatives are located alongside the axoneme and compose the major part of the cell volume (Perotti, 1969) . This paracrystalline structure is formed by proline-rich proteins exhibiting hexagonal periodicity. This class of proteins was designated as crystallomitin (Baccetti et al., 1977) . The paracrystalline organization may result from the reorganization of the mitochondrial cristae proteins. However, in the insect sperm, the paracrystalline structure does not seem to show cytochrome oxidase and succinic dehydrogenase activities as usually found in mitochondrial cristae. (Bigliardi et al., 1970; Baccetti et al., 1973; Perotti, 1973) . An important approach to study periodic structures is to superimpose projections of the same object after appropriate translations or rotations. In this process, the intrinsic symmetries are enhanced against a noisy amorphous background (Markham, 1963; Afzelius et al., 1990 Afzelius et al., , 1991 Lanzavecchia et al., 1991a) . A more powerful method is the utilization of the Fourier transform associated with the object structure and appropriately image filtering on the Fourier transform spectrum to put in evidence the periodicity of the original structure. In this case, it is possible to observe the high spatial frequencies of the object and to make accurate measurements (Lanzavecchia et al., 1991b) . This latter procedure allowed us to obtain new informations on the mitochondrial derivatives of CuZex quinquefusciutus sperm, a structure which is sensitive to pepsin treatment (Baa and De Souza, 1991) .
MATERIALS AND METHODS

Electron Microscopy
Male adult insects of C. quinquefasciatus were obtained from an insect colony maintained in the Department of Entomology of the Instituto Oswald0 Cruz, Rio de Janeiro, Brasil. Testes and seminal vesicles were dissected and fixed in a mixture of 2% glutaraldehyde, 1% tannic acid, and 1.8% sucrose in 0.1 M phosphate buffer, pH 7.2, followed by block staining in 1% uranyl acetate in distilled water (Afzelius, 1988) . The specimens were dehydrated in acetone and embedded in Epon. Ultrathin sections were stained with uranyl acetate and lead citrate and examined in a Zeiss CEM 902 transmission electron microscope. When necessary and specially in cases of the cytochemical images, contrast was enhanced after the utilization of a spectrometer slit of about 20 eV (Bauer, 1988) .
Cytochemistry
The technique of ethanolic-phosphotungstic acid (E-PTA), modified from Bloom and Aghajanian (19681, was applied for the detection of basic proteins in spermatozoa. Testes were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 2 hr at 4"C, dehydrated in an series of ethanol and treated for 24 hr at 4°C with 2% phosphotungstic acid in absolute ethanol and then they were washed in absolute ethanol and embedded in Epon. Thin sections were only stained with lead citrate or observed unstained.
For the detection of cytochrome C oxidase activity, glutaraldehyde-fixed testes were incubated at 37"C, during 45 min in a medium consisting of 3 m&f 3,3'-diaminobenzidine tetrahydrochloride (DAB) (Sigma), 10 n-&f cytochrome C (Sigma), and 54 sucrose in 0.1 M phosphate buffer, pH 7.2 (Seligman et al., 1968) . In control preparations, cytochrome C was omitted and 5 m&f potassium cyanide was added to the incubation medium. After incubation, the specimens were rinsed in phosphate buffer, postfixed in osmium tetroxide, dehydrated in acetone, and were embedded in Epon.
Digital Image Processing
Sections of 50-80 nm in thickness of glutaraldehyde-tannic acid-fixed spermatozoa, cut in both transversal and longitudinal directions, were used. Images were acquired using a SIT-66X (625/50) camera attached to a CEM 902 electron microscope equipped with an IBASKontron Image Analysis System. The 512 x 512 pixels, eight bits digitized images were averaged in order to reduce noise. Each image was shade corrected by subtraction of an out-of-focus background. The shade-corrected images were contour enhanced using an appropriate convolution matrix. The fast Fourier transform (FFT) was applied to these images (Misell, 1978) . The computer-generated spectra of frequencies were masked. The final images were reconstructed from the masked spectra. Photographs were taken directly from the monitor.
RESULTS
The sperm tail of C. quinquefasciatus is formed by an axoneme with the 9 + 9 + "1" pattern of microtubules and two mitochondrial derivatives of similar size and shape, containing a paracrystalline matrix. The centriolar adjunct is located in the region of flagellum implantation (Fig. 1) .
In longitudinal and cross sections of the sperm tail it was observed that the mitochondrial derivatives l.vere devoid of cristae and were occupied by a filamentous material.
A small layer of amorphous material embedded its paracrystaline structure and a membrane complex was seen surrounding it (Figs. 1-3 ). Cylinder-like subunits could be seen, in cross sections, maintaining their regular hexagonal spatial distribution (Fig. 2) . A striation pattern, caused by the alignment of the subunits to each other, was evident in longitudinal sections although the alignment direction is not parallel to the flagellar axis (Fig. 3) .
Electron-dense reaction product, indicating the presence of basic proteins, revealed by the ethanolic-phosphotungstic acid technique, was observed in the amorphous material of the mitochondrial derivative (Fig. 4) . Sections stained with lead citrate showed an enhanced contrast in this region (Fig. 5) . In the proximal region of the flagellum it was observed that the centriole adjunct was well stained with ethanolic-phosphotungstic acid suggesting also the presence of basic proteins (Fig. 6 ).
Cytochrome C oxidase activity was mainly evidenced in mitochondria cristae of early spermatids (Fig. 7) . Some electron-dense deposits were observed in intracristae space (Fig. 8) .
However, only a very light labeling was observed in the last stages of sperm maturation process. Diaminobenzidine reaction product was seen in the layer of amorphous material and in the membrane complexes which surrounded the paracrystalline structure of the mitochondrial derivatives. However, this reaction product was not seen in the paracrystalline structure itself (Fig. 9) . In control samples, incubated in the presence of potassium cyanide, no reaction product indicative of enzyme activity was observed in the mitochondrial derivatives (not shown).
Finer details of the paracrystalline arrangement were obtained using digital image processing. In cross section, the cylinder-like subunits appeared hexagonally arranged, exhibiting a periodicity as evidenced by the fast Fourier transform spectra ( Fig. 10 and inset) .
The subunits were seen as empty structures, apparently connected to each other by thin filaments. These structural details were recognized in the final images reconstructed from the masked spectra (Fig. 10) . In longitudinal sections, striations exhibiting a periodicity of about 30 nm were observed. The cylinder-like subunits present a undulated disposition. Figure 11 shows the filtered reconstructed image. In this reconstruction, we could observe the thin filament connections between the subunits of the paracrystalline structure.
DISCUSSION
The successive changes that gradually transform the mitochondria of C. quinquefasciatus spermatids into two mitochondrial derivatives follow the general pattern described for other insects (Phillips, 1970; Baccetti, 1972; Tokuyasu, 1975; Rosati et al., 1976; Báo, 1991) .
Our observations show that the reorganization of the mitochondria leads to the formation, in the mature spermatozoon, of two mitochondrial derivatives of similar size and shape, flanking the axoneme all along its length. Two distinct regions may be seen in the mitochondrial derivatives. The major portion is occupied by a paracrystalline structure which is embedded in a region containing amorphous material and surrounded by membrane complexes.
The paracrystalline structure presents hexagonal spatial arrangement of its cylindriclike subunits. This structure could be analyzed in more detail when the testes where fixed in a glutaraldehyde solution containing tannic acid (see Fig. 2 ). After the tannic acid treatment, a block staining was carried out using uranyl acetate. Tannic acid acts as a mordant and binds to the protein molecules of the mitochondrial derivatives giving contrast to the filament. This pattern of contrast is similar to that reported in microtubules (Afzelius et aZ., 1991) . Using the ethanolic-phosphotungstic acid technique, the same aspect was seen when the thin sections were stained with lead citrate (see Fig. 5 ). Reaction product was seen in the amorphous region of the mitochondrial derivatives, suggesting that it contains basic proteins.
We have shown previously that the paracrystalline structure can be digested by pepsin (Baa and De Souza, 1991) and therefore is composed of proteins. Earlier observa tions in Notonecta sperm showed that the crystal of the mitochondrial derivatives is rich in proline (Baccetti et al., 1977) . Further studies need to be made in C. quinquefasciatus to characterize it biochemically.
The periodic arrangement and the structural details of the subunits of the paracrystalline structure were better visualized after digital image processing. The cylindric-like subunits appear as empty structures connected to each other by thin filaments. These connections may be responsible for the stability of the crystalloid (see Figs. 10 and 11) . In a longitudinal view, the thicker filaments show a wavy pattern running along the direction of the axoneme axis (see Fig. 11 ). This pattern has already been shown in crystallized derivatives of insect sperm tail after negative staining (Rosati et al., 1976) . The filtered image, on the other hand, could give a better insight on the finer structures of the mitochondrial derivatives"
Our observations show the presence of cytochrome C oxidase activity in the amorphous material and membrane complexes that surround the paracrystalline structure.
The observation of this enzyme activity suggests that, during the differentiation of the mitochondrial derivatives, a redistribution of the mitochondrial components takes place.
However, the cristae and membranes persist only in the cortical zone of the mitochondrial derivatives. The existence of such enzymatic activity in the cortical zone of the mitochondrial derivatives has been previously described in other insects (Bigliardi et al., 1970; Baccetti et al., 1973; Perotti, 1973) .
The changes that take place in the mitochondrial components during spermatid differentiation led to the appearance of a distinct compartment in the mitochondria of the insect sperm. Previous studies suggest that the mitochondrial derivatives play some role in the control of the movement of the axoneme (Tokuyasu, 19751 , regulation of the wavelengths (Phillips, 1974) , and material stored for activation and nutrition of the oocyte (Perotti, 1973) . Longitudinal section of the paracrystalline structure after image filtering. The arrows represent the hollow filaments previously described in the legend for Fig. 10 . In the Fourier hpace they are represented by the reflection points indicated by the white arrow (inset). Very thin filaments may be seen running at about 45" in relation to the main filaments (arrowheads). Scale bar, 0.1 pm.
